Membrane filtration, spread plating, and pour plating are conventional methods used to determine the heterotrophic plate counts of water samples. Impedance methods were investigated as an alternative to conventional methods, since sample dilution is not required and the bacterial count can be estimated within 24 h. Comparisons of impedance signals obtained with different water samples revealed that capacitance produced faster detection times than conductance. Moreover, the correlation between heterotrophic plate count and detection time was highest (r = 0.966) when capacitance was used. Linear and quadratic regressions of heterotrophic plate count and impedance detection time were affected by incubation temperatures. Regressions between heterotrophic plate counts based on conventional methods and detection times of water samples incubated at -<250C had R2 values of 0.878 to 0.933. However, regressions using detection times of water samples incubated at -30°C had lower R2 values, even though water samples produced faster detection times. Comparisons between broth-based versions of R2A medium and plate count agar revealed that the latter correlated highly with heterotrophic plate count, provided that water samples were incubated at 25C and impedance measurements were conducted with the capacitance signal (r = 0.966). When the linear regression of this relationship was tested with 100 water samples, the correlation between predicted and actual loglo CFU milliliter-' was 0.869. These results indicate that impedance methods provide a suitable alternative to conventional methods.
Heterotrophic plate counting (HPC) is a procedure used by public health laboratories to estimate the bacterial loads of surface water samples and to monitor the efficiency of disinfectants at water treatment plants. The number of heterotrophic bacteria in a water sample can be estimated from the CFU on a recognized agar-based medium after a specific incubation temperature and time. For example, when HPC is determined by using R2A medium, an incubation temperature of 20 or 28°C for 5 to 7 days is required. Incubation time can be reduced to 48 h when plate count agar (PCA) is used; however, the incubation temperature must be increased to 35°C (1) . Comparison of these media by using water samples showed that PCA yields significantly lower counts and fewer pigmented bacterial colonies than does R2A (6, 7). These differences have been attributed to the low nutrient content of R2A and the lower incubation temperatures used for this medium. Longer incubation time is required for R2A, since bacterial colonies fail to reach a deqectable size within 48 h.
Conventional techniques for HPC determination include membrane filtration, spread plating, and pour plating (1) . A major drawback of these techniques is that water samples must be serially diluted to ensure that bacterial colonies are within a countable range (e.g., 30 to 300 colonies per plate). Serial dilutions increase the number of plates and media to be utilized and the number of water samples to be diluted by severalfold. Moreover, diluting and plating protocols increase inherent errors associated with the actual bacterial count.
Impedance methods offer an attractive alternative to conventional methods because there is no need to dilute water * Corresponding author.
samples and because the bacterial count can be determined within 24 h. The principle of this technology is that subtle changes in the ionic composition of the medium affect the electrical conductance and capacitance (8) . As bacteria metabolize, uncharged or weakly charged substrates are transformed into charged end products. Accumulation of these products increases the conductance of the medium and the capacitance at the electrode-medium interface. The amount of time required to cause a series of significant deviations from baseline impedance values is referred to as the detection time (DT), and this corresponds to a bacterial concentration of approximately 107 cells/ml (4 Data analysis. Linear and quadratic relationships between HPC and DT, analysis of variance, Duncan's multiple range test, and correlation coefficients (Pearson product-moment) were determined by using the Statistical Analysis System (SAS Institute Inc., Cary, N.C.).
RESULTS
Effects of incubation temperature, impedance signal, and sample size on DT. Incubation temperatures significantly influenced the DTs of water samples inoculated in PCB (P < 0.0001). Water samples incubated at low temperatures had longer DTs than samples incubated at high temperatures, suggesting that growth of heterotrophic bacteria in this medium is highly temperature dependent ( showed that capacitance resulted in shorter DTs than did conductance and total impedance, regardless of incubation temperature. This result may be attributed to differences between impedance signals. Although 1.0-and 2.0-ml water samples had shorter DTs than did 0.2-ml samples for both total impedance and capacitance signals, this was not observed for the conductance signal ( Table 2) . For subsequent experiments, 1-ml water samples were used to inoculate module wells.
Comparison between HPCs and DTs for different media.
Water samples inoculated in PCB appeared to have higher correlations with the HPC than did samples inoculated in R2B (Table 3) . Although comparison of correlation coefficients between R2B and PCB by using the capacitance signal revealed that the latter was more highly correlated with HPC than the former, R2B had higher correlations with HPC than did PCB when the co4ductance signal was used. High correlations between PCBI Fnd HPC appear to be a function of the medium used for IPC determination. In general, when HPC was determined with R2A, low correlation coefficients were, attained, despite incubation temperatures of 25 or 35'C ( When the impedance signals of 152 samples incubated at 25°C were compared with HPCs obtained with capacitance, conductance, and total impedance, distinct differences in the dispersion of data was evident (Fig. 1) . When the linear model equation for samples inoculated into PCB and incubated at 25°C were tested with 100 water samples by using the capacitance signal, the correlation between predicted and actual log1o CFU milliliter-' was 0.869 (Fig. 2) . DISCUSSION Although impedance methods have been used to predict the shelf lives of food products such as pasteurized milk (2), these methods have not been used to estimate the bacterial loads of water samples. In this study, impedance methods were adapted and compared with methods currently approved for HPC by the American Public Health Association (1). Agar-based media were not used for impedance measurements because of difficulties encountered when dispensing media into module wells. Instead, broth-based versions of R2A and PCA were conveniently dispensed into module wells immediately prior to inoculation with water samples. Of the several media approved for HPC, R2A was selected for this study because it promotes the growth of slowly growing and pigmented bacteria (7). PCA and PCB were also used in this study because these media recover rapidly growing heterotrophic bacteria. Studies on the effects of incubation temperature, impedance signal, and sample size on DT indicate that fast DTs were obtained when (i) samples were incubated at .250C, (ii) capacitance was used as the impedance signal, and (iii) -1-ml sample sizes were used as inocula. Since impedance is a function of the dynamic metabolic activity of bacteria (3) , it is not surprising that incubation temperature affects DT. In this study, water samples that failed to produce impedance DTs when incubated at 20°C did so when incubated at .25TC, suggesting that bacterial growth within the allotted 24-h incubation time was insufficient to affect baseline impedance values. Since one of the goals of this study was to define an impedance method that could estimate HPC within 24 h, the 20°C incubation temperature was deemed unsuitable for further study.
Total impedance is a function of both conductance and capacitance, and differences between these signals have a combined effect on the total impedance DT. These signals differ in their responses to biochemical changes in the medium and at the electrode-medium interfaces. For example, conductance is sensitive to the accumulation and mobilization of ionized end products in the incubation medium, whereas capacitance is mainly affected by changes in pH and temperature (5 may not be valid. On the basis of our model equation using the capacitance DT and an incubation temperature of 25°C, the maximum CFU milliliter-' detectable by our method is c.107.
ca. iW e found that 1.0-and 2.0-mi water samples produced faster capacitance DTs than did 0.2-ml samples. However, this difference was not apparent when conductance was used. Our findings are contrary to those of Silverman and Munoz (9) , who found that large sample sizes lengthened the time required to produce conductance DTs. Although definite comparisons between their study and ours are complicated by such factors as medium, impedance signal, and electrode design, their study used much larger sample sizes (i.e., 20 ml) than ours. Differences in the time required to heat the 20-ml water sample to 44.5°C may account for the longer DTs observed in their study. For HPC determinations, large sample volumes are desirable simply because they allow the growth of a broader range of organisms than do smaller volumes. Unfortunately, the maximum volume permitted in the module wells used in this study is approximately 2.5 ml.
Comparisons between impedance media demonstrated that PCB provides a higher correlation with HPC than does R2B. As previously mentioned, PCB allows the growth of rapidly growing bacteria, while R2A permits the growth of slowly growing and pigmented bacteria. It is clear from the correlation between impedance signal and HPC with R2A that impedance methods used with PCB do not take into account heterotrophic bacteria that cannot grow on PCA. Even when R2B was incubated for 48 h, no or poor correlations were obtained regardless of the conventional method used to determine HPC. One limitation of the impedance method is that the estimated HPC based on DT corresponds to the HPC determined by conventional methods using PCA incubated at 35°C for 48 h.
It is important to recognize that fast DTs do not necessarily imply better correlations between HPC and DT. This study showed that low incubation temperatures provided higher R2 values between HPC and DT than did high temperatures. Low R2 values are most likely attributable to differences in the generation times of psychrotrophic and mesophilic bacteria. For example, at 37°C, mesophilic bacteria such as Enterobacter cloacae ATCC 23355 have generation times of 71 min. However, when this organism is grown at 35°C, there is a concomitant reduction in generation time to 49 min (4) . This organism, along with many other mesophilic bacteria, reduces its generation time when grown under suboptimal conditions. In mixed cultures (such as heterotrophic bacteria found in water samples), low incubation temperatures prevent the rapid generation of mesophilic bacteria while providing better growth conditions for psychrotrophic bacteria. One could assume that at higher incubation temperatures, DTs are mostly determined by rapidly growing mesophilic bacteria rather than by psychrotrophic bacteria.
Although no studies have used capacitance to monitor bacterial growth, this signal has been used to measure the growth of yeasts such as Saccharomyces cerevisiae, Candida utilis, and Kloeckera apiculata (5). For these organisms, capacitance has been preferred over conductance because the former is 20 to 60 times more sensitive to their growth on tryptic soy broth or yeast carbon broth. One reason capacitance has not been used to monitor bacterial growth is because this signal was thought to be insensitive and subject to random fluctuations (8) . However, Firstenberg-Eden and Zindulis (5) reported that changes in capacitance due to growth of Escherichia coli were not random. Furthermore, they recommended that conductance be used to detect bacterial metabolism when bacteria are grown in low-conductivity media such as PCB but that capacitance be used in high-conductivity media such as tryptic soy broth or brain heart infusion broth, because conductance is insensitive to metabolic changes in these media. Unfortunately, their recommendations are based on experiments with pure strains of E. coli, Pseudomonas aeruginosa, Staphylococcus epidermidis, and Streptococcus pyogenes. No studies have investigated the use of impedance signals with mixed bacterial populations from environmental sources. (5) .
In summary, we found that impedance methods provided a suitable alternative to HPC determination by conventional methods, provided that 1-ml water samples were inoculated into PCB, incubated at 25°C, and monitored by the capacitance signal.
